Abstract
Introduction
Wind energy is a clean and renewable energy. Under the condition of today's energy shortage and environment problem, wind power generation has been paid more and more attention [1] [2] . The output power of wind turbines is affected by the wind speed. Due to the characteristics of randomness and variability of wind speed, the output power of wind turbine changes with time. At the same time the wind farms are commonly located in remote areas, so the change of its out power poses an adverse affect on the stability of the grid-connected voltage for wind farms. For a higher proportion of wind farms in power system, the disconnection of wind turbines may cause the collapse of the grid voltage and frequency when the grid voltage drops to a certain value, and that may bring many adverse consequences [3] . Technical rule for connecting a wind farm to a power network explicitly requests that the reactive power-voltage control system should be configured in grid-connection wind farm, and this system controls the grid-connection voltage at the rated voltage of 97% to 107 %.
Doubly-fed wind turbines with independent, flexible and reactive power regulation can realize the control of the double fed wind farm grid voltage [4] [5] . Doubly-fed wind turbines have two kinds of operation mode, which are the constant power factor and constant voltage control respectively, the stability of the power system voltage can be guaranteed when that use constant voltage control mode [6] [7] . The control strategy is presented which uses the
The Power Decoupling Control Principle of Doubly-fed Wind Turbines
The steady state mathematical model of doubly-fed wind turbines was established under the synchronous rotating d, q, and 0 coordinate system according to the doubly-fed wind turbines' equivalent model. The steady state voltage equation and flux linkage equation can be obtained as shown in equation (1) and equation (2) . 
In equation (1) 
According to equation (2) , the current relationship between the stator and the rotor can be expressed as equation (4) . The stator active power and reactive power can be expressed as equation (5) . From the above analysis, the active and reactive power can be adjusted by control d axis and q axis component of rotor current, to realize the power decoupling control.
3．The Constant Voltage Control System Principle
It is has be known that the vector control based on stator flux linkage oriented of the doubly-fed wind turbines can realize the power decoupling control, therefore, the control of terminal voltage of the doubly-fed wind turbines can be realized by using the rotor side converter. From the equation (4) and (5), the reactive power Q grid of wind farm delivered to the grid can be gotten. 
In equation (6) , the rotor current component I dr can be divided into two parts, one part is the excitation current of the generator I dr_m , the other is I dr_g is used to control the reactive power exchanging with the grid. Therefore, the total reactive power can be divided into two parts Q mag and Q gen , these are shown in equation (7) .
Because the terminal voltage varies with the injected grid reactive power changes, so the constant voltage control must meet two requirements:
1) The consumption reactive power by doubly-fed induction generator (DFIG) should be compensated by I dr_m ;
2) Compared with reference values, if the terminal voltage is too high or too low, the I dr_g should make corresponding adjustment.
Therefore, in constant voltage control mode I dr_g can make corresponding adjustment to raise or reduce the reactive power when the grid voltage has a little change, so as to maintain the terminal voltage is approximately the same. 
Parameter Optimization of PI Controller based on Ant Colony Algorithm
Ant colony algorithm is a new bionic optimization algorithm; it is optimization in a series of combinatorial optimization problems. The distributed feedback and parallel mechanism is used to speed up the evolution process in a certain extent, and find the optimal solution [12] [13] [14] . The positive feedback mechanism is that more ants walk on a path, then other ants choose the path probability is larger, individual ant is through this method to exchange information and search for food, and finally finds the shortest path to search for food. The traditional PI controller parameters K p and K i once are determined, they are remained constant in the adjusting process of constant voltage control system of the doubly-fed Wind Turbines, in this case, the PI controller is hard to meet the requirement to quickly adapt the change of system and The system disturbance rejection when the wind speed and power grid operation state changes. In order to solve this problem, this paper presents ant colony optimization algorithm for constant voltage control system parameters K p and K i optimization, the ant colony optimization algorithm implements adaptive PI controller and improves the stability that the DFIG connects to grid system. In Figure 2 , e is the difference of voltage reference value U s_ref and terminal voltage U s , which is the input signal of ant colony optimization PI controller. In order to ensure smaller overshoot of the error signal transient response, and there is sufficient damping of the oscillation effect, the product integral criterion of time and absolute error is selected as the objective function in this paper. It is shown in equation (8) .
4.1．The structure of PI controller based on ant colony optimization algorithm
The convergence criterion is shown in equation (9) .
In the equation (9), J max is the maximum point of optimization; J min is the minimum value point of optimization; ε is a given error value. When the whole ants converge to the same path, then the algorithm ends, the path is the optimal path; the optimal path corresponds to the optimal parameters of PI controller.
Ant colony algorithm node and path generation
The optimization problem of the ant colony algorithm must be mapped to a weighted graph, so the ants can find an optimal solution in the whole feasible region [15] . The 2 parameters K p and K i of PI controller are selected as the variable to be optimized in the constant voltage control system, the initial value of K p and K i can be gotten by using Ziegler-Nichols method [16] , which is K p =1.25 and K i =300, thus the variable to be optimized K p and K i is set 3 significant digit respectively. In order to facilitate use of ant colony algorithm, the values of the 2 parameters K p and K i are mapped to the weighted graph, weighted graph structure is shown in Figure 3 . is the ordinate of node j on the line L i , i=1~6, j=0~9. Assuming an ant starts from the coordinate origin O, when it creeps into any one node of line L 6 , one cycle is completed, the crawling path can be expressed as: path={O, knot(x 1 , y 1, is equal, it is independent for the distance between the nodes. So, if all the ants start from the origin of coordinates O, they will arrive each line L i (i=1~6) at the same time, and finally arrive their destination nodes on L 6 at the same time, this cycle is completed.
Path selection of ant colony algorithm
The ants move to line L i at time t, let b j (j=0~9) is the number of ants for node j in L i at time t, the total ants m can be expressed as m=∑b j (t). Let τ (x i , y i,j , t) expresses the left pheromone in the node knot(x i , y i,j ) at time t, the amount of information on each node is equal at initial time, i. e. τ(x i , y i,j , 0)=c, where c is a constant, Δτ(
expresses the state transition probability of the k ant when it crawls from any one node of line
is shown as equation (11).
In equation (11), α is the information inspiring factor, it shows the effect of the ant accumulated information during the movement when the ant is moving. The value of α is larger, then the possibility that the ant selects the previously traversed path is greater; β is the desired heuristic factor, it reflects the relative importance of the heuristic information which guides the ants in the search process, the size of the value β reflects the intensity of a priori and certainty factor on ant colony optimization process, ƞ(x i , y i,j , t) is the heuristic function of node knot(x i , y i,j ) which is shown as equation (12) . In order to avoid too much residual information caused by residual pheromone floods the heuristic information, each ant completes a cycle creeping, the residual pheromone on the node of the path should be updated. Thus, the amount of information on node knot (x i , y i, j ) at t+n time should be adjusted according to the equation (13) .
In equation (13), ρ is the pheromone evaporation factor; 1-ρ is the pheromone residue factor, in order to prevent infinite accumulation of pheromone, the range of ρ value is ρ 
In equation (15), Q is the pheromone intensity, which stands for the total amount of pheromone released on the path when the ant completes a cycle creeping. The bigger value of Q, the faster pheromone accumulates over the path that the ant has experienced. And the bigger value of Q also contributes to accelerate the convergence. F k is the objective function value of k-th ant in the loop.
4.4．The steps of PI parameters optimization using by the ant colony algorithm
According to the analysis of the basic principle of ant colony algorithm, the steps of PI parameters optimization using by the ant colony algorithm can be summarized as follow. 1) To get the PI controller parameters (K p0 ，K i0 ) of the constant voltage control system for doubly-fed wind power generator by using Ziegler -Nichols method.
2) To set the number of ants m, and to define the one-dimensional array path k which has six elements for each ant k (k=1~m). The six nodes ordinate values that the k-th ant has passed are stored in path k , which can be used to represent the crawling path of the k-th ant.
3) To set the time counter t =0 and the cycle number N c =0, and to set the maximum cycle number N cmax and the pheromone value c of each node (x i , y i,j , 0) in the initial time. To make Δτ(x i , y i,j ) =0, and put all the ant at the coordinate origin O.
4) Setting i=1.
5) The probability for those ants transit to each node on the line L i are calculated by the formula (11) . According to these probabilities, a node on the line L i is selected for each ant k by using the roulette wheel selection method, and then the ant k is moved to the node. The ordinate value of this node is stored as i-th element in the path k .
6) Setting i=i+1, if i≤6, then jump to step 5, otherwise jump to step 7.
7) According to the path experienced by the ant k, namely the array path k , the PI controller parameters K k p 、K k I corresponding to the path are calculated by using the equation (10) . The objective function value F k corresponding to the ant k is calculated by using the equation (8) , and the convergence value ε k is calculated by using the equation (9) . To record the optimal path in this cycle, and its corresponding PI controller parameters are stored in K * p 、K * i . tt+6，N c N c +1 , the amount of pheromone to each node is updated according to the equation (13)~ (15), and all the elements in the array path k are cleared. 
8) Making
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5．The Algorithm Analysis and Comparison
Based on the theory above to build a simulation model of the doubly-fed wind turbines, the capacity of a doubly-fed wind turbine is 1.5MW and its terminal voltage is 575V. The step-up transformer makes the 575V rise to 25kV, and after 30km transmission line 25kV has increased to 120kV by the second step-up transformer, and then supplies the power to 120kV grid. The reference voltage of terminal voltage has maintained at 1pu in the simulation model. The simulation analysis have been done respectively using self-tuning PI control algorithm and classical PI control algorithm in case of wind speed change and grid voltage sag at t=5s. The parameter settings of the ant colony optimization algorithm in this design are shown in Table 1 .
Table.1 The setting of each parameter in ACO
The size of colony (m) 10 The maximum cycle number (Ncmax) 100 The pheromone evaporation factor (ρ) 0.5 The amount of initial pheromone (c) 0.2 The information inspiring factor (α) 3
The given error (ε) 0.001 The desired heuristic factor (β) 2 The pheromone intensity (Q) 20
When the wind speed changes from 8m/s to 10m/s at t=5s, the dynamic change diagram of rotor current I dr is shown in Figure 4 . The solid line corresponds to the self-tuning PI control strategy based on the ant colony optimization algorithm and its tuned parameters are K p =5.46 and K i =405. The dotted line corresponds to the classical PI control algorithm and its parameters are K p =1.25 and K i =300. The simulation results shown that when the wind speed changes from 8m/s to 10m/s at t=5s, the self-tuning PI control strategy based on the ant colony optimization algorithm makes the response time of I dr 7.47s earlier than the classical PI control algorithm.
When the wind speed changes from 8m/s to 10m/s at t=5s, the dynamic change diagram of terminal voltage U s for wind turbines is shown in Figure 5 The simulation results shown that when the wind speed changes from 8m/s to 10m/s at t=5s, the self-tuning PI control strategy based on the ant colony optimization algorithm makes the response time of U s 7.61s earlier than the classical PI control algorithm.
When the wind speed changes from 10m/s to 12m/s at t=5s, the dynamic change diagram of rotor current I dr is shown in Figure 6 . The solid line corresponds to the self-tuning PI control strategy based on the ant colony optimization algorithm and its tuned parameters are K p =5.23 and K i =300. The dotted line corresponds to the classical PI control algorithm and its parameters are K p =1.25 and K i =300. The simulation results shown that when the wind speed changes from 10m/s to 12m/s at t=5s, the self-tuning PI control strategy based on the ant colony optimization algorithm makes the response time of I dr 6.91s earlier than the classical PI control algorithm.
When the wind speed changes from 10m/s to 12m/s at t=5s, the dynamic change diagram of terminal voltage U s for wind turbines is shown in Figure 7 . The solid line corresponds to the self-tuning PI control strategy based on the ant colony optimization algorithm and its tuned parameters are K p =5.23 and K i =300. The dotted line corresponds to the classical PI control algorithm and its parameters are K p =1.25 and K i =300. The simulation results shown that when the wind speed changes from 10m/s to 12m/s at t=5s, the self-tuning PI control strategy based on the ant colony optimization algorithm makes the response time of U s 5.79s earlier than the classical PI control algorithm.
When the grid voltage drops 0.1pu at t=5s, the dynamic change diagram of rotor current Idr is shown in Figure 8 The simulation results shown that compared with the classical PI control algorithm, the self-tuning PI control strategy based on the ant colony optimization algorithm has improved the dynamic response characteristics of I dr and reduced the response time when the grid voltage drops 0.1pu.
When the grid voltage drops 0.1pu at t=5s, the dynamic change diagram of terminal voltage U s for wind turbines is shown in Figure 9 . The solid line corresponds to the self-tuning PI control strategy based on the ant colony optimization algorithm and its tuned parameters are K p =1.35 and K i =150.The dotted line corresponds to the classical PI control algorithm and its parameters are K p =1.25 and K i =300. The simulation results shown that compared with the classical PI control algorithm, the self-tuning PI control strategy based on the ant colony optimization algorithm has improved the dynamic response characteristics of U s and reduced the response time when the grid voltage drops 0.1pu.
When the grid voltage drops 0.15pu at t=5s, the dynamic change diagram of rotor current Idr is shown in Figure 10 . The solid line corresponds to the self-tuning PI control strategy based on the ant colony optimization algorithm and its tuned parameters are K p =1.13 and K i =210. The dotted line corresponds to the classical PI control algorithm and its parameters are K p =1.25 and K i =300. The simulation results shown that compared with the classical PI control algorithm, the self-tuning PI control strategy based on the ant colony optimization algorithm has improved the dynamic response characteristics of I dr and reduced the response time when the grid voltage drops 0.15pu.
When the grid voltage drops 0.15pu at t=5s, the dynamic change diagram of terminal voltage U s for wind turbines is shown in Figure 11 . The solid line corresponds to the self-tuning PI control strategy based on the ant colony optimization algorithm and its tuned parameters are K p =1.13 and K i =210. The dotted line corresponds to the classical PI control algorithm and its parameters are K p =1.25 and K i =300. The simulation results shown that compared with the classical PI control algorithm, the self-tuning PI control strategy based on the ant colony optimization algorithm has improved the dynamic response characteristics of U s and reduced the response time when the grid voltage drops 0.15pu.
Conclusions
For the shortcoming that the PI controller parameters can't dynamic tuning in constant voltage control system for doubly-fed wind turbines, a PI controller parameters dynamic tuning strategy based on the ant colony optimization (ACO) algorithm is presented. The dynamic and non-dynamic parameter tuning methods are compared and analyzed When the wind speed changes and the grid voltage drops in the system. The following conclusions can be got from the simulation analysis.
（1）When the wind speed changes from 8m/s to 10m/s at t=5s, the self-tuning PI control strategy based on the ant colony optimization algorithm makes the response time of I dr 7.47s earlier than the classical PI control algorithm, and makes the response time of U s 7.61s earlier than the classical PI control algorithm.
（2）When the wind speed changes from 10m/s to 12m/s at t=5s, the self-tuning PI control strategy based on the ant colony optimization algorithm makes the response time of I dr 6.91s earlier than the classical PI control algorithm, and makes the response time of U s 5.79s earlier than the classical PI control algorithm. （3）Compared with the classical PI control algorithm, the self-tuning PI control strategy based on the ant colony optimization algorithm has improved the dynamic response characteristics of I dr and U s , and reduced the response time when the grid voltage drops 0.1pu and 0.15pu.
Then simulation results show that the self-tuning PI control strategy based on the ant colony optimization algorithm has improved the stability of the doubly-fed wind turbine and reduced the response time.
